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Part One.  Bone Structure

Mammalian bones (including humans) are constructed of two types of grossly recognizable bone termed “cortical” and “cancellous” respectively.

Cortical bone is dense, solid and grossly resembles ivory.  In the archtypical long bone the cortical type bone forms the cortex which is the solid tubular structure that comprises the outer shell of the bone.

Canellous bone describes the bone structure that is found within the centre of the long bones.
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       Normal Cortex                                           Cancellous bone in the femoral head

Cortical bone has tremendous strength approximating that of tempered steel.  Its main function is to provide a rigid structure that provides a platform for the attachment of skeletal muscles.  Due to its rigidity cortical bone allows vertical posture.  Cortical bone has a low surface to volume ratio, a fact that is important regarding its role in skeletal remodeling and calcium ion homeostasis.

Cancellous bone demonstrates a tremendously high surface to volume ratio and grossly it resembles the porous structure of a sponge.  This accounts for the alternative designation of cancellous bone as “spongy bone”.  Cancellous bone is found within the marrow cavities of long and flat bones.  Mechanically it is principally concerned with transmitting the forces directed across synovial joints from the articulating surface to the adjacent metaphyseal and diaphyseal cortical bone.  Since the surface to volume ratio of cancellous bone is so large it has an important role to play in calcium ion homeostasis (the importance of cancellous bone in Calcium homeostasis is exemplified by the fact that 99% of the total body Calcium is stored within the skeleton).

The terms cortical and cancellous describe the gross arrangement of bone tissue.  Microscopically bone is composed of cells and extracellular matrix.  Bone is unique among all human tissues due to its calcified matrix.  This is formed by the crystallization of Calcium hydroxapatite crystals {Ca 10(PO4)6(OH)2} within the extracellular matrix that surrounds the bone cells.  Functionally there are 4 types of bone matrix cells.

1. Osteoclasts – syncytial multinucleated cells of monocyte origin.  These cells resorb calcified bone matrix.  They perform this function while attached to mineralized bone within a concave depression called a Howship’s lacuna.  Osteoclasts are able to resorb bone by selectively producing an extremely low pH within the immediate microenvironment of their action (the Howship’s lacuna).  The acidification of the extracellular space results from the intracellular production of H+ ions by carbonic anhydrase II.
2. Oseoblasts – mononuclear cells of mesenchymal origin.  These are the uniquely differentiated mesenchymal cells that have the capacity to synthesize and mineralize bone matrix.  Osteoblasts typically operate in groups and functionally are often arranged on the external surface of a segment of cortical or cancellous bone on which they are active.  The periosteum which is the fibrous membrane that surrounds the external non-articulating aspect of bones contains cells that may differentiate into functional osteoblasts.
3. Osteocytes – as bone matrix formation proceeds some of the osteoblasts become surrounded by the matrix that they have formed.  When this occurs the cells become less metabolically active, assume an inactive appearance and are termed osteocytes.  The osteocytes are the same cells as the osteoblasts; they merely change their appearance and function.
4. Osteoprogenitor cells – these are functionally undifferentiated mesenchymal cells that morphologically do not appear to be differentiated (they microscopically resemble the least differentiated mesenchymal cell, the fibroblast).  Under the appropriate stimulation these cells may differentiate into functional osteoblasts.  Many of the cells that reside within the periosteum of adults (a non-active structure under normal circumstances) are Osteoprogenitor cells although these cells are found throughout bones.
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                                           Normal cells of bone 
Bone matrix (for the purposes of this section the word bone refers to microscopic tissue i.e. cells and extracellular matrix)

Bone matrix is composed of an inorganic phase (calcium hydoxapatite) and an organic phase.  The organic phase consists predominantly of type I collagen however there are numerous additional protein and proteoglycan structural components of bone matrix.  These include:

-     osteonectin

· osteocalcin

· protein growth factors

· various glycosaminoglycans

The structural strength (and therefore its mechanical function) of any bone is determined by the following parameters:

· the volume of bone matrix

· the type of bone matrix (woven or lamellar, see below)

· the degree of mineralization of the matrix

· the structural arrangement of the matrix

Alterations in any of these parameters will result in a potentially mechanically dysfunctional skeleton.

Types of bone matrix (the following terms should only be applied to bone matrix that is discussed or viewed in a microscopic context i.e. these terms never refer to the gross appearance of bones).

· Woven bone is bone in shich the collagen fibrils that have been manufactured by oseoblasts are distributed  within the matrix in a haphazard arrangement.  This type of bone matrix is rapidly formed however it is mechanically weak.  Woven bone is the first bone matrix formed in enchondral and intramembranous bone formation during skeletal growth and development.  Woven bone is always abnormal in the context of the mature skeleton suggesting an abnormal pattern of bone formation.  The finding of woven bone in the mature skeleton, while abnormal, is completely non-specific.

· Lamellar bone is bone in which the collagen fibrils that are manufactured and secreted into the extracellular space by the osteoblasts have an ordered arrangement in “curving linear arrays”.  This is a mechanically much more sound matrix.  It is the type of bone found in the mature skeleton.  Within the cortex the lamellar bone is functionally arranged as virtually solid tubes centered upon a capillary in the cortex.  These tubular structures are termed haversion systems or osteons.  Within the marrow cavity the lamellar bone forms linear anastomosing trabeculae (cancellous or trabecular bone).
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                                       Woven and lamellar bone

Part Two.  Bone Remodeling
The change in size, composition and arrangement of the components of the skeleton that occur in embryological development and growth is called “bone modeling”.  During this time it is obvious that the skeleton is active by virtue of the striking changes in size and shape of its constituent components.  When skeletal maturity is reached (i.e. when growth ceases) there is an apparent cessation of skeletal activity.  This apparent inactivity is erroneous.  The skeleton remains one of the most active of the body’s organs (do not be fooled simply because the skeleton fails to alter its shape or manufacture some noxious liquid, gas or solid like many of the other viscera).  In fact, the activity of osteoclasts and osteoblasts persists throughout life.  This activity within the mature skeleton is termed “bone remodeling”.

First the functional sequence of activities will be described.  This will be followed by a discussion of those factors that influence these processes.

The functional unit of bone remodeling is formed by the sequential coordinated activities of osteoclasts, osteo-progenitor cells, osteoblasts and finally osteocytes.
1. A group of osteoclasts commences bone resorbtion by attaching to a mineralized bone surface.  Each individual cell acidifies the local extracellular space and secretes active lysozomal enzymes which enzymatically breakdown the bone matrix.  These enzymes include serine proteases, collagenases and tartrate resistant acid phosphatase (the latter can be measured within serum and its level crudely reflects osteoclastic activity).  The enzymatic destruction of the bone matrix releases various proteins including growth factors previously stored during bone formation.  These, in addition to cytokines, manufactured the osteoclasts themselves and other cells recruit adjacent ostoprogenitor cells to become osteoblasts.  In general osteoclasts function as groups that resorb conical cones of bone termed cutting cones.

2. The osteoblasts, which typically function in groups, enter the resorbtion defect created by the osteoclast and manufacture new bone matrix of either woven or lamellar type.  As the cells become entrapped within the bone matrix they are transformed to osteocytes.

This sequential activity of osteoclast resorbtion followed by osteoblastic bone formation is constantly occurring within the skeleton at all times.  Since the surface to volume ratio of cancellous bone is so much greater than that of cortical bone this presents a greater area for bone remodeling.  In fact, studies have estimated that up to 25% of the cancellous bone of humans may be remodeled each year under normal circumstances.  In comparison, 3% of cortical bone is remodeled annually.  Under ‘normal’ circumstances the net effect of these sequences of bone resorbtion and formation is no overall change in skeletal mass.  This process, whereby the degree of new bone formation is linked to the preceding bone resorbtion, is termed “coupling”.
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A cutting cone

Factors affecting bone remodeling

There are 3 broad categories of conditions that results in altered bone remodeling:

1. Metabolic activity of the relevant cells.  In practice, in-born metabolic dysfunction of cells involved in bone remodeling are extremely rare and in addition to affecting “remodeling” these disorders typically have profound effects on growth and development (skeletal modeling).  In contrast, acquired metabolic abnormalities of these cells are relatively common and account for the commonest of all metabolic bone diseases such as osteoporosis.

2. Calcium homeostasis and nutritional status.  Calcium ions are required for numerous intracellular enzymatic reactions.  Extracellular calcium levels are stringently maintained within a narrow range.  Since the skeleton is the repository of 99% of the body’s calcium it is clear that circumstances affecting calcium homeostasis can have major effects on remodeling activities.  In this regard the level of hormones “parathyroid hormone” and “Vitamin D” may have major effects on the skeleton.  In general terms parathyroid hormone stimulates osteoclastic activity and recruitment of osteoclast precursors (monocytes) to become osteoclasts producing a net increase of osteoclastic function.

3. Physical stress.  Bone is not unique in its ability to react to altered physical stress (the myocardium reacts by hypertrophy of cells when it faces altered systolic pressures) however the extent and precision of the skeletal reaction to physical stress is unique among all viscera.  “Wolff’s Law” states that bone (an individual bone or group of bones) remodels itself based upon the physical stresses placed upon it.  The denser bones that are present within the dominant arms of professional tennis players best exemplify this.  Conversely, bones that lose their physical stressors for any reason typically become more lucent reflecting a net resorbtive state.

Regardless of which of the above factors pertain in any circumstance, the osteoclasts, osteo-progenitor cells, osteoblasts and osteocytes always mediate remodeling activities within the skeleton.  It has become increasingly clear that cytokines manufactured by these cells acting in a paracrine and autocrine fashion actually mediate the activities of all these cells.  The “interleukin” family of cytokines appear particularly important in this regard, especially regarding the function of osteoclasts.

Part Three.  Fracture

A fracture may be defined as any break in continuity of a bone’s structure.  Fractures are virtually always associated with soft tissue injury and the healing process that occurs with fracture repair inevitably will have major effects on these structures.  However, for the purposes of this discussion, comments will be confined to the sequence of events that occur at the time of bone injury and subsequently with bone healing.

The following is a brief glossary of terms pertaining to fractures:

- closed fracture

the skin overlying the fracture bone is intact

- complete fracture

a full thickness break of the affected bone

- comminuted fracture
a fracture that results in multiple separated bone fragments

- compound fracture

a fracture in which the skin overlying the fracture is broken

- avulsion fracture

a fracture due to pulling of a tendon or ligament at its 

insertion site

- greenstick fracture

an incomplete fracture of the shaft of a long bone in the 

immature skeleton

- pathologic fracture

a fracture occurring in abnormal bone (for any reason).  In





clinical practice, this is often used to describe fractures





through bone tumors

- stress fracture

an undisplaced fracture usually involving a part of the





cortex of bone that occurs due to excess loading.  Stress





fractures are sometimes referred to as “fatigue fractures”.

Fracture Healing

Following a fracture there is typically acute haemorrhage from the broken ends of the bone fragements, the periosteum (which is often stripped from the surface of the bone) and the adjacent soft tissues.  Portions of the bone in the vicinity of the fracture site become avascular and die.  Immediately following the bleeding, there is usually hematoma formation.  This is followed by an acute inflammatory reaction involving various leukocytes including histiocytes.  The inflammatory reaction results in production of cytokines that stimulate osteoclasts and their precursors as well as Osteoprogenitor cells and osteoblasts.  The osteoclasts resorb the damaged existing bone and Osteoprogenitor cells within the cortical and cancellous bone and the periosteum are stimulated to divide and differentiate into cartilage and bone forming cells (chondrocytes and osteoblasts).  These latter cells rapidly produce cartilage and bone matrix (the latter is initially exclusively woven bone).  These matrix producing cells invade the organizing hematoma between the two bone ends and actively produce bone and cartilage matrix.  This matrix which ultimately links the fragments of fractured bone is termed callus.  Initially the bone and cartilage matrix composing callus appears immature and disorganized.  At this point in time the bone and cartilage matrix producing cells are very metabolically active and numerous cell divisions occur.  The bone formed during these events is woven.  Histologic sections of “early fracture callus” (within the first few weeks of the fracture) demonstrate a cellular mitotically active bone matrix producing process and occasionally this may be confused histologically with a variety of primary malignant bone tumors such as osteosarcoma.  Ultimately the callus is remodeled and with time the bone may assume a completely normal appearance.  Bone healing involves new bone formation, endochondral ossification and bone remodeling.

The efficiency of bone healing is determined by the following parameters:

1. The general health of the patient, in particular the patient’s nutritional status.

2. The presence or absence of pre-existing skeletal conditions, either localized or generalized.

3. The number of fragments in the fracture.

4. The alignment of the fracture fragments.

5. The presence and extent of adjacent soft tissue injury.

6. The presence of intervening soft tissue between the bone fragments.

7. The presence or absence of infection at the fracture site.

